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ABSTRACT 

We present new XMM-Newton EPIC observations of the nuclei of the nearby radio galaxies 3C 305, DA 240, 
and 4C 73.08, and investigate the origin of their nuclear X-ray emission. The nuclei of the three sources 
appear to have different relative contributions of accretion- and jet-related X-ray emission, as expected based 
on earlier work. The X-ray spectrum of the FRII narrow-line radio galaxy (NLRG) 4C 73.08 is modeled with 
the sum of a heavily absorbed power law that we interpret to be associated with a luminous accretion disk 
and circumnuclear obscuring structure, and an unabsorbed power law that originates in an unresolved jet. 
This behavior is consistent with other narrow-line radio galaxies. The X-ray emission of the low-excitation 
FRII radio galaxy DA 240 is best modeled as an unabsorbed power law that we associate with a parsec-scale 
jet, similar to other low-excitation sources that we have studied previously. However, the X-ray nucleus of 
the narrow-line radio galaxy 3C 305 shows no evidence for the heavily absorbed X-ray emission that has been 
found in other NLRGs. It is possible that the nuclear optical spectrum in 3C 305 is intrinsically weak-lined, with 
the strong emission arising from extended regions that indicate the presence of jet-environment interactions. 
Our observations of 3C 305 suggest that this source is more closely related to other weak-lined radio galaxies. 
This ambiguity could extend to other sources currently classified as NLRGs. We also present XMM-Newton 
and VLA observations of the hotspot of DA 240, arguing that this is another detection of X-ray synchrotron 
emission from a low-luminosity hotspot. 

Subject headings: galaxies: active - galaxies: jets - galaxies: individual (3C 305, DA 240, 4C 73.08) 



1. INTRODUCTION 

Radio galaxies consist of twin jets of particles that are 
ejected from a compact region in the vicinity of a supermas- 
sive black hole, feeding into large-scale 'plumes' or 'lobes'. 
There are two principal morphological classes of radio galax- 
ies, low-power (Fanaroff-Riley type I, hereafter FRI) so urces 
and high-power (FRII) sources iFanaroff & RilevI d 19741) . FRI 
sources exhibit 'edge-darkened' large-scale radio structure, 
and modeling implies that initially supersonic jets in these 
sources decelerate to transonic spe eds on ~kpc scales be - 
fore flaring into large plumes (e.g.. iPerucho & Martill2007l) . 
FRII sources appear 'edge-brightened', and in these cases 
highly supersonic jets propagate out to large distances (of- 
ten > 100 kpc) from the core before terminating in bright 
hotspots and accompanying radio lobes. Observationally, the 
Fanaroff-Riley divide occurs at a 178-MHz radio power of 
-10^5 WHz-i sr-i. 

It is important to understand whether the kpc-scale 
Fanaroff-Riley dichotomy is determined by the interaction 
between the je t and its external hot-gas environment (e.g., 
iBicknelll Il995h . or rather is nuclear in origin and gov- 
erned by differences in the properties of the accretion flow 
(iReynolds et alJfT996l) . The first observations of large sam- 
ples of z < 0.1 3CRR radio-galaxy nuclei with Chandra and 
XMM-Newton (j Donato et al. 2004; Balmaverde et al. 2006; 
lEvans et aP 1200 6) showed that FRI nuclei show no signs 
of heavily absorbed X-ray emission that would be expected 
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from standard AGN unification models (lUrrv & Padovanil 
Il995h . are dominate d by emission from an unresolved jet 
(e.g!, [W orrall & Birkinihi^ fT994t iBalmaverde eTal] 120061; 
lEvans et al.u2006 ), and have highly radiatively inefficient ac- 
cretion flows. Narrow optical-line FRII sources show evi- 
dence for heavily obscured (A^h > 10^^ cm^^) nuclear X- 
ray emission that is associated with a radiatively efficient ac- 
cretion flow, toge ther with an unabsorbed component of jet - 
related emission (lEvans et al.ll2006t iHardcastle et al.ll2006l) . 
FRII radio galaxies at higher redshift are consistent with such 
behavior (B elsole et a l. 2006). 

A significant breakthrough for understanding the physi- 
cal origin of the FRI/FRJI dichotomy came from Chandra 
and XMM-Newton observations of the population of low- 
excitation radio galaxies (LERGs), which have weak or no 
emission lines in their optical spectra (iHine & Longaid I 19791 ; 
Jackson & Rawlings 1997). Almost all FRI radio galaxies are 
LERGs, but there is a significant population of FRII LERGs 
at 0.1 < z < 0.5. The X-ray spectra of LERGs, irrespec- 
tive of their FRI or FRII morphology, are dominated by unab- 
sorbed emission that can be associated with a parsec-scale jet, 
with no obvious contribution from accretion-related emission. 
These so urces are likely to acc rete in a radiatively inefficient 
manner (IHardcastle et aljr2006 ). On the other hand, high- 
excitation radio galaxies (HERGs - i.e., NLRGs, BLRGs, and 
quasars), which display prominent narrow or broad optical 
emission lines, have X-ray spectra that are consistent with 
standard unification models: they show evidence for lumi- 
nous, radiatively efficient accretion disks, together with cir- 
cumnuclear tori when the source is oriented close to edge-on 
with respect to the observer. HERGs tend to show evidence 
for additional hot dus t over and a bove that of LERGs in their 
mid-IR spectra (e.g., lOgle et aLll20 06; Birkinshaw et al., in 
preparation), which is again consistent with reprocessing of 
luminous accretion-related emission by torus-like structure. 
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Most high radio-power (FRII) sources are high-excitation ra- 
dio galaxies. The distinct X-ray nuclear properties of low- and 
high-excitation radio galaxies, regardless of their large-scale 
FRI or FRII morphology, could be interpreted as implying that 
the Fanaroff-Riley dichotomy remains principally influenced 
by jet power and environment. The excitation dichotomy, on 
the other hand, is interpreted to be at tributed to the radiative 
efficiency of the accretion flow (e.g., iHardcastle et al.ll2006l) 
and possibly related to the nature of the accreting material 
(IHardcastle et al.ll2007al) . 

Here, we report new XMM-Newton observations of the nu- 
clei of three z < 0. 1 3CRR radio galaxies — 3C 305, DA 240, 
and 4C 73.08. The three sources have 178-MHz radio powers 
that lie close to the FRI/FRII dividing luminosity (Table [T]!, 
plus a range of radio morphologies and optical emission-line 
characteristics. They are therefore good candidates for ex- 
amining possible connections between the central engine and 
large-scale radio characteristics. This paper is organized as 
follows. In Section 2, we describe the optical and radio prop- 
erties of the three sources. Section 3 contains a description of 
the data and a summary of our analysis. In Section 4, we re- 
port the results of our spectroscopic analysis of the sources. In 
Section 5, we describe VLA and XMM-Newton observations 
of the bright NE hotspot in DA 240. In Section 6, we interpret 
the observations in the context of our previous Chandra and 
XMM-Newton observations of 3CRR radio galaxies and dis- 
cuss the optical emission-line characteristics of the sources. 
We end with our conclusions in Section 7. All results pre- 
sented in this paper use a cosmology in which r2„i,o = 0.3, 
= 0.7, and Ho = 70 km s^^ Mpc^^. Errors quoted in this 
paper are 90 per cent confidence for one parameter of interest 
(i.e., x^in H- 2.7), unless otherwise stated. 

2. OVERVIEW OF THE SOURCES 

2.1. 3C305 

3C 305 is a z = 0.0416 (^ l = 183 Mpc) narrow-Hne 
radio galaxy (iLaing et al.lll983h with an unusually compact 
radio morphology that displays both FRI and FRII charac- 
teristics. MERLIN and VLA observation s of the source 
jHeckman et al.1 1 1 9821; iJackson et all 120031; iMorganti etall 
|2005^ show twin jets t hat each extend into radio lobes sepa- 
rated by ^4" (3.3 kpc). ILaing et al. ( 1983) classify the source 
as an FRI-type radio galaxy. Optical emission-line studies of 
the circumnu clear environment of 3C305 show an exte nded 
morphology dHeckman et al.|[T982l: IJackson et al.llI995]) . and 
a detailed compariso n between the radio ejecta and [O ll] gas 
observed with //5r (Jackson et al. 1995) suggests that the gas 
has been shock-excited by the jet. 

2.2. DA240 

DA 240 (z = 0.0356, = 157 Mpc) is a giant radio 
galaxy (GRG), the name given to the subclass of FRII sources 
with a projected radio extent in excess of 1 Mpc. Wester- 
bork Synthesis Radio Telescope (WSRT) images of the source 
dKlein et al.ll 1 994 iPeng et al.l l2004) show two hotspots, with 
the northeastern one 50 times brighter than the southwestern 
one. The northeastern hotspot has an unusual bifurcated struc- 
ture, with what appears to be a radio jet entering a compact, 
primary hotspot, together with a fainter secondary hotspot 
feature. Opt ically, DA 240 is classified as a low-excitation 
radio galaxy (iLaing et al.llI983l) . 

2.3. 4C 73.08 



4C 73.08 (z = 0.0581, = 258 Mpc) is another example 
of ari FRII GRG. WSRT images (lMaverill979t iKIein et al.l 
1 19941) show a compact core accompanied by two hotspots. 
The brighter (western) hotspot is connected to the core 
by a bridge of radio emission. Both lobes show unusual 
protrusions toward the north and south. Optically, 4C 73.0 8 
is classified as a narrow-line radio galaxy dLaing et al.llI983h . 

A summary of the properties of the three sources is 
given in Table [Tj 

3. OBSERVATIONS AND DATA REDUCTION 

XMM-Newton observed 3C305, DA 240, and 4C 73.08 as 
part of AO-5. We reprocessed the data with version 7.1.0 
of the Scientific Analysis Software (SAS) using the standard 
pipeUne tasks EMCHAIN and EPCHAIN. The data were fil- 
tered for PATTERN values < 12 (MOS) and < 4 (pn) and 
the bit-mask flags 0x766a0600 (MOS) and OxfaOOOc (pn). 
These flagsets are equivalent to the standard flagsets #XM- 
MEA_EM/EP but include out of field-of-view events and ex- 
clude bad columns and rows. 

To check for intervals of high particle background, we ex- 
tracted light curves from the CCD on which the source is lo- 
cated. The events were filtered to include only those with 
PATTERN=0 attributes and an energy range of 10-15 keV. 
The background was relatively low during the observations of 
3C 305 and DA 240, meaning that no further filtering was re- 
quired, especially given that we are performing spectral anal- 
yses of point sources. However, the observation of 4C 73.08 
was heavily affected by flaring for almost the entire duration 
of the observation; indeed the MOS observation was truncated 
due to high background. We therefore chose filtering criteria 
of < 2.5 s-i (MOS) and < 25 s^^ (pn) in the 10-15 keV 
band to remove the worst flaring but retain sufficient data to 
perform spectroscopy. Table |2] gives the details of the three 
XMM-Newton observations. All spectral fits include Galactic 
absorption. 

The unresolved nuclei of all three sources are detected with 
XMM-Newton; in addition, there is a weak but clear detection 
of an X-ray source coincident with the bright NE hotspot of 
DA 240. We discuss the analysis of these X-ray features in 
the following two sections. 

4. SPECTROSCOPIC ANALYSIS OF THE NUCLEI 

4.1. 3C305 

We extracted the nuclear X-ray spectrum of 3C 305 from a 
source-centered circle of radius 35", with background sam- 
pled from a large off-source region on the same CCD as the 
target. There were sufficient counts in the spectra from each 
of the MOSl, M0S2, and pn cameras to perform a joint anal- 
ysis for all three datasets. The spectra were grouped to a min- 
imum of 20 counts per bin. 

We initially attempted to fit the spectrum with a single, un- 
absorbed power law, but this achieved a poor fit (x^ = 68.0 
for 33 dof). We found an acceptable fit (x^ — 29.3 for 
31 dof) with the combination of an unabsorbed power law 
and thermal emission, characterized by an APEC model with 
kT — 0.69lQ ]^g keV, abundance fixed at 0.3 times solar, and 

normalization (S.lSti'^l) x 10"^ photons s"^ cm"^ keV"^ 
The best fitting parameters of the power law are F = 
l.eitEJj^ and 1 keV normalization (1.45 ± 0.44) x 10"^ 
photons s^^ cm^^ keV^^. Adding additional components, 
such as allowing the power law to be modified by additional 
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TABLE 1 
Overview of the three sources 









Optical 


Optical spectrum 


178-MHz Luminosity Density 


Galactic 


Source 


Redshift 


FR classification 


Excitation 


reference 


(WHz-i sr-i) 


absorption (cm^^) 


3C 305 


0.0416 


I 


NLRG 


Liu & Kennicutt (1995) 


5.50 X lO^" 


1.69 X lO^" 


DA 240 


0.0356 


11 


LERG 


Saunders et al. (1989) 


5.38 X 1024 


4.36 X lO^" 


4C 73.08 


0.0581 


11 


NLRG 


Saunders et al. (1989) 


9.94 X 1024 


2.33 X lO^" 



TABLE 2 
Observation Log 



Source 


ObsID 


Observation date 


Filter 


Nominal exposure (ks) 


Screened exposure (ks) 


3C 305 


0404050301 


2006 August 08 


Medium 


11.4, 11.4,9.8 


11.4, 11.4, 9.8 


DA 240 


0404050101 


2006 October 18 


Medium 


12.6, 12.6, 11.0 


12.6, 12.6, 11.0 


4C 73.08 


0404050601 


2007 April 28 


Medium 


4.5,4.5, 13.9 


3.4, 3.4, 4.7 



Note. — Exposure times are quoted for the MOS 1 , MOS2. and pn cameras, respectively. 




0.5 



1 2 
channel energy (keV) 



Fig. 1. — XMM-Newton MOSl (black), MOS2 (red), und pn (green) spec- 
trum of 3C 305. Also shown is the best-fitting model of an unabsorbed power 
law and thermal emission. 

absorption, failed to improve the fit (the best-fitting intrinsic 
absorption tended to zero). The thermal interpretation is sup- 
ported by a Chandra observation of the source (PI: D. Har- 
ris), which shows resolved emission elongated 3" either side 
of the nucleus along the direction of the jets. Indeed, the unre- 
solved Chandra nuclear flux is 3 times lower than that which 
we measured with XMM-Newton. The XMM-Newton spectra 
and best-fitting model are shown in Figure [T] 

4.2. DA 240 

We extracted the spectrum of the nucleus of DA 240 from 
a source-centered circle of radius 35", and extracted a back- 
ground spectrum from a large off-source circular region on 
the same CCD. Only the spectrum from the pn camera had 
sufficient counts for an adequate spectral analysis. With 
the data grouped to 10 counts per bin, we found an accept- 
able fit (x^ — 10.5 for 9 dof) with a single unabsorbed 
power law of photon index 1.91]*^° 5^ and 1 keV normaliza- 
tion {Q.AS.t\fi) X 10"® photons s"! cm^^ keV^i. Allowing 
the power law to be modified by intrinsic absorption failed to 
improve the fit (the best-fitting A^h is zero). Additional com- 
ponents to our model also led to no statistically significant 
improvement in the fit. The spectrum, and best-fitting model, 
of a single, unabsorbed power law, are shown in Figure|2] 

4.3. 4C 73.08 

We sampled the nuclear spectrum of 4C 73.08 from a 
source-centered circle of radius 35", and extracted a back- 




channel energy (keV) 

Fig. 2. — XMM-Newton pn spectrum of DA 240, together with the best- 
fitting model of an unabsorbed power law. 



ground spectrum from a large off-source circular region on 
the same chip. We initially attempted to model the spectrum 
with a single, unabsorbed power law, but this achieved a 
poor fit (x^ = 63.2 for 15 dof), and we noticed significant 
residuals above ~4 keV that clearly indicated the presence 
of an additional, heavily absorbed component. We achieved 
a good fit (x^ — 7.2 for 1 1 dof) to the spectrum with the 
sum of a heavily absorbed [A^h = i^-'^tH) x 10^^ cm^^j 
power law of photon index frozen at 1.7, a Gaussian neutral, 
unresolved, Fe Ka line of equivalent width ^300 eV (the 
Gaussian line is significant at the 2a level), and a second, 
unabsorbed, power law of photon index frozen at 2. There 
are insufficient counts to fit the power-law slopes, so we 
adopted values cons istent with canon i cal va lues found in 
radio galaxies (e.g., lEvans et all |2004 I2OO60 . The 1 keV 
normalizations of the power laws are (1.82ti Jo) x 10^'^ 

and (1.90 ± 0.47) x IQ-^ 
respectively. Replacing the 



photons s^^ cm^'^ keV" 
photons s^^ cm^^ keV^ 
unabsorbed power law with a thermal component resulted in 
a worse fit to the spectrum (x^ — 16.9 for 10 dof). The spec- 
trum and our best-fitting model are shown in Figure [3] The 
hotspots of 4C 73.08 are not detected in this short observation. 

Table [3] summarizes the best- fitting spectral models to the X- 
ray spectra of 3C 305, DA 240, and 4C 73.08. 

5. THEHOTSPOTOFDA240 
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TABLE 3 
Summary of best-fitting spectra 

















-^'(2-lOkcV) 
(Power Law) 




Source 


Spectrum 


Nn (cm-2) 


r 


E (keV) 


a (keV) 


kT (keV) 


(ergs s^i) 


X^/dof 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(V) 


(8) 


(9) 


3C 305 
DA 240 


PL-l-TH 
PL 




1 61+"-^'' 

1 gi+0.54 






61+""' 

'^•°^-0.15 


(2.6 ±0.8) X lO"*! 
(5.5 ± 1.3) X lO''" 


29.3/31 
10.5/9 


4C 73.08 


AfH(PL-HGauss)-l-PL 


(9.2t^;^) X 1023 


Ti = 1.7(f); 
Ta = 2 (f) 


6.32 ±0.14 


0.01 (f) 




{5.7tli) X 1043 
(3.8 ±0.9) X lO"'^ 


7.2/11 



Note. — Col. (1): Name of source. Col. (2): Description of best spectrum (A'^H=In'rinsic absorption, PL=Power Law, Gauss=Redshifted Gaussian Line, 
TH=Thermal. Col. (3): Intrinsic neutral hydrogen column density. Galactic absorption has also been applied. Col. (4): Power-law photon index. Col. (5): 
Rest-frame Gaussian centroid energy. Col. (6): Gaussian linewidth. Col. (7): Temperature of thermal component. Col. (8): 2-10 keV unabsorbed luminosity of 
primary power law. Col. (9): Value of and degrees of freedom, (f) Indicates parameter was frozen. 



TABLE 4 
X-RAY AND RADIO LUMINOSITIES 



Radio core luminosity 1-keV soft luminosity 178-MHz luminosity 2-10 keV 'accretion' Core luminosity 

Source density (W Hz~^ sr~^) and frequency density (W Hz~^ sr~^) density (W Hz~^ sr~^) luminosity (ergs s~^) Reference 

(1) (2) (3) (4) (5) (6) 

3C 305 <3.21 X 10^" (1.4 GHz) (3.1 ±0.9) x 10^^ 5.50 x 10^'' < 1.0 x 10*^ Saripalli et al. (1997) 

DA 240 2.46 X 10^2 (5 GHz) (1.4 ± 0.3) X 10^^ 5.38x1024 < 5.3 x lO^l Tsien (1982 ) 

4C73.08 3.53 x 102l (5 GHz) (4.1 ± 1.0) X 10^^ 9.94 x 102* i^-^tl'^) x 10-*3 Sari palU et al. (1997) 

Note. — Col. (1): Name of source. Col. (2): Radio luminosity density of core. Col. (3): 1-keV unabsorbed luminosity density of soft X-ray component. Col. 
(4): 178-MHz VLA luminosity density. Col. (5): 2-10 keV unabsorbed X-ray 'accretion-related' luminosity. Obtained by direct fitting with free A'^h (4C 73.08) 
and as a hidden component with Nn fixed at 1023 cm^2 (3c 305. DA 240). Col. (6): Reference for radio core luminosity density. 
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Fig. 3. — XMM-Newton pn spectrum of 4C73.08. Also shown is the best- 
fitting model of a heavily absorbed power law, a neutral Fe Ka line, and a 
second, unabsorbed power law. 

The bright NE hotspot of the giant radio galaxy DA 240 
Ues in the XMM-Newton field of view and is clearly de- 
tected in X-rays in our observation (Fig.|4|i. X-ray detections 
of the hotspots in relative low-luminosity radio sources like 
our targets are qu it e common in Chandra obser v ations (e.g., 
Kraft et al.l 120 051: iHardcastle & Crostoiil l2005t iKraft et all 
20071: iHardcastl e et al.ll2007bHEvans et a'Lll2008l) and recently 
some bright hotspots have also been detected with XMM- 
Newton (Erlund et al. 2007; Goodger et al. 2008). It has been 
argued that that X-ray detections of low-luminosity hotspots 
such as those of DA 240 (whose NE hotspot has a 5-GHz 
radio luminosity of 9 x 10^^ W Hz^ sr^^) are almost cer- 
tainly due to synchrotron rather than inverse-Compton emis- 
sion (see Fig. 5 of Hardcastle et al. 2004). If this is the 
case. X-ray detections of hotspots can give us important in- 
formation about the relationship between the location of high- 
energy particle acceleration (traced by the X-ray) and the lo- 



cations where low-energy particle and field energy densities 
are highest (traced by the radio synchrotron emission). The 
available evidence to date is that this relationship is complex; 
kpc-scale offsets are often found between the pe aks of X-ray 
and radio emission (e.g., Hardcastle et ali fmm). 

The only radio image for DA 240 available to us at the start 
of our study was the WSRT 608-MHz image from the on- 
line atlas of low-z 3CRR sources^. This image has a reso- 
lution of 34", and so does not allow us to see details of the 
hotspot structure or its relationship to the X-ray emission. 
Accordingly we obtained a short observation of the hotspot 
with the VLA at 4.9 GHz under the exploratory time program. 
This observation (observation identifier AE163) was taken on 
2007 May 18 when the VLA was in the process of moving 
between its D and A configurations. In addition, the EVLA 
antennas of the array were unavailable for most of the obser- 
vation. As a result there were only 13 antennas available in 
the expected D-configuration arrangement, as opposed to the 
usual 27. Nevertheless we obtained an image with a resolu- 
tion of 7.5" and were able to detect and resolve the compact 
hotspot (Fig.|5]l. The radio emission coincident with the X-ray 
emission is resolved into two compact components aligned 
roughly N-S, with the brighter southern component having a 
radio flux density of 270 mJy and the fainter northern compo- 
nent at a level of ~ 90 mJy, plus extended structure. Both 
the compact components are point-like at the re solution of 
our image; however, higher-resolution images (T sienI [19821) 
resolve the southern component, showing it contains at least 
two separate peaks. The peak of the X-ray emission is closest 
to the brighter component of the hotspot, but both compo- 
nents may be X-ray sources: the resolution of XMM-Newton 
is not good enough (particularly at this off-axis distance) to 
separate them. We used the default astrometry for both the 
VLA and XMM-Newton data to search for offsets between the 
radio and X-ray emission in the northern hotspot (the radio 

^ http://www.jb.man.ac.uk/atlas/ 
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core is too far down the primary beam of the VLA for us to be 
able to use it to ahgn the radio and X-ray frames). The X-ray 
emission appears to be offset by several kpc approximately in 
the direction of the n ucleus. Ho wever the higher-resolution 
radio observation of Tsien| (Il982h . which shows both the nu- 
cleus and hotspot, indicates that the brightest radio hotspot 
subcomponent (marked A by Tsien et al.) is separated by ap- 
proximately 8" (~ 5.5 kpc) from the brightest X-ray hotspot 
emission. This is consistent with our VLA observation in both 
sense and approximate offset with respect to the X-ray emis- 
sion. Offsets this large, or lar ger, have been obse rved in other 
powerful radio galaxies (e.g.. lErlund et al.ll2007h . 

We extracted a spectrum for the hotspot from the pn data, 
using a 30" radius circle as the source region and local back- 
ground, and fitted it with a power-law model with Galactic 
absorption. It is well fitted (x^ = 0.29 for 2 d.o.f.) with a 
model with photon index of 2.2 ± 0.3 and 1-keV unabsorbed 
flux density of 7 ± 1 nJy. This flux density puts i t among the 
brighter known X-ray hotspots (iHardcastle et al.l l2004). very 
similar in flux density (though not luminosity) to the bright 
hotspot detected by Erlu nd et al. (2007) in the giant quasar 
4C 74.26. 

The steep X-ray spectrum and the possible offset between 
the radio and X-ray peak favor a synchrotron rather than 
inverse-Compton origin for the X-rays in this source. In the 
absence of optical measurements it is easy to fit a curved 
or broken synchrotron spectrum through the radio and X- 
ray data. Moreover, if we model the hotspot (normalizing 
using the observed radio flux for the brighter component) 
as a uniform sphere at equipartition with a radius of 1 kpc 
(which is consistent with the size reported by Tsien 1982 
for the most compact component of the hotspot only) then 
the predicted inverse-C ompton flux density, using the code of 
IHardcastle et al.l (Il998h . is 3 orders of magnitude below that 
observed. All of the flux density from the hotspot would have 
to come from a region < 0.1 pc in size, the magnetic field 
strength would have to be a factor ^ 30 below the equiparti- 
tion value, or some combination of the two would have to ap- 
ply in order for the observed X-ray flux density to be produced 
by the synchrotron self-Compton model. Since DA240 is a 
low-excitation radio galaxy, the nuclear emission-line clas- 
sification gives us no information about the orientation with 
respect to the line of sight, and so it is possible in principle 
that inverse-Compton emission could be boosted by a pro- 
cess which requires beaming and small angles of the jet to the 
line of sight (e.g., Georganopoulos & Kazanas 2003). How- 
ever, an efficient role for beaming would imply a very large 
physical size (> 4 Mpc) for DA240, so we do not regard this 
model as probable, and we attribute the X-ray emission to 
synchrotron radiation. The relative brightness of the hotspot 
should make it a good target for follow-up radio and high- 
resolution X-ray observations aimed at understanding the de- 
tails of high-energy particle acceleration in this source. 

6. INTERPRETATION OF THE NUCLEAR SPECTRA 

6.1. Overview of the spectra 

The unabsorbed X-ray spectrum of the low-excitation FRII 
radi o galaxy DA 240 is con sistent with the other LERGs in 
the IHardcastle et al.l ( 120061) sample, which observationally 
encompass both FRI and FRII radio galaxies. The high- 
excitation (narrow-line) FRII radio galaxy 4C 73.08 shows a 
heavily absorbed, luminous, component of X-ray emission, 
similar to the o t her n arrow-line radio galaxies studied by 
IHardcastle et al.1 (|2006|) . However, the spectrum of 3C 305 
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Fig. 4. — XMM-Newton observations of DA 240 in the MOS and pn cam- 
eras, co-added taking account of exposure and smoothed with a Gaussian 
of FWHM 15.3". Overlaid are contours from the 34"-resolution 608-MHz 
WSRT map described in the text, at 2 X (1, 4, 16 . . .) mJy beam^^. 
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Fig. 5. — Co-added XMM-Newton observations of DA 240 as in Fig.|4] 
but smoothed with a Gaussian with FWHM 6.1". Overlaid are contours of 
our VLA data with 7.5" X 6.7" resolution (major X minor axis of restor- 
ing elhptical Gaussian) at 4 X (1, 2, 4 . . .) mJy beam~^. The 90% off-axis 
encircled energy radius of XMM-Newton at this location is ~1'. 

shows no evidence for the heavily absorbed X-ray emission 
that is characteristic of narrow-line radio galaxies. We return 
to this in Section l6?4l 

6.2. The Radio Core-X-Ray Core Correlation 

Figure |6] shows a plot of the 1-keV luminosity of the low- 
absorption power-law component against the core luminos- 
ity for our three sources (Table HJi, togethe r with the 3CRR 
sources presented in lEvans et alj (120061) and IHardcastle et al] 
(i2006) . DA 240 and 4C 73.08 both lie close to the corre- 
lation b etween the radio and X-ray luminosities establishe d 
by, e.g..'Fabbiano et al.'('1984 |) . IWorrall & Birkinshawl (11994 . 
and Hardcastle et al. ( 200^On the other hand, 3C 305 hes 
somewhat away from the other data, though this is almost 
certainly due to the extended X-ray emission detected with 
Chandra. Indeed, the unresolved Chandra nuclear flux is 3 



6 



EVANS ET AL. 



E - 
3 o 



i 



@ 



10^ 



10^ 



10^' 



10^ 
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Fig. 6. — X-ray luminosity of the unabsorbed nucleai' component for tlie 
three sources, together with combined z < 0.5 sample I Evans et al. 2006; 
[Hardcastle et al...20 06) as a function of 5-GHz radio core luminosity (Table 
|4j. Open circles are LERG, filled circles NLRG, open stars BLRG, and filled 
stars quasars. Large surrounding circles indicate that a source is an FRI. The 
sources studied in this paper are indicated by surrounding boxes. Note that 
the core luminosity of 3C 305 is measured at 1 .4 GHz. Where eiTor bars ai'e 
not visible they are smaller than symbols. Dotted lines show the regression 
line to all data and its Icr confidence range. 
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Fig. 7. — X-ray luminosity of the accretion-related component for the 
three sources, together with combined z < 0.5 sample ('Evans et al."2006; 
iHardcastle et al. 2006) as a function of 178-MHz total radio luminosity (Ta- 
ble|4). Symbols are as in Fig. |6]. Dotted lines show the regression line to the 
NLRGs only and its Ic confidence range. 



times lower than the XMM-Newton value, which would bring 
3C 305 closer to established trendline in Figure|6] The radio- 
X-ray core correlation suggests a common origin of the two at 
the base of an unresol ved jet, as has b e en extensively argued 
by. e.g ., IWorrall & Birkinshaw' (1994'), Hardcastle & V^^rralll 
(I1999I). Evans etal.. (.2006.) . .Balmaverde et al. (.20061) and 



iBelsole et al.1 ( l2006l) . 



6.3. Accretion-Related X-ray Emission 

We now wish to consider any accretion-related X-ray emis- 
sion. For 4C 73.08, as with the o ther narrow-line radio galax- 
ies studied bv lEvans et"aLi (|2006|) and lHardcastle et al.1 (|2006|) . 
we can take the accretion-related luminosity to be the unob- 
scured luminosity of the heavily absorbed power-law compo- 
nent: this is supported by the presence of Fe Ka emission 
(e.g., [Evan? et al. 2006). The 2-10 keV accretion luminosity 
of 4C 73.08 (~6 X lO^'^ ergs s^^) is substantially larger than its 
jet-related luminosity (~ 4x 10^^ ergs s~^), as has been found 
with other NLRGs (e.g., lEvans et al.ll2006t IHardcastle et all 
120061) . 

In the cases of the LERG DA 240 a nd the (purported N LRG 
3C305), we followed the method of lEvans etal] (l2006h and 
assumed that, in addition to the dominant jet component of 
X-ray emission, there exists an additional 'hidden' compo- 
nent of accretion-related emission of photon index 1.7 that is 
obscured by a torus of intrinsic absorption 10^'^ cm^^. We 
added this component to the best-fitting model, refitted the 
spectra, and determined the 90%-confidence upper limit to 
the 2-10 keV accretion-related luminosity to be 5.3 x IC*^ 
ergs s-i for DA240 and 1.0 x 1042 ergs s"! for 3C 305. 

Figure |7] shows a plot of the 178-MHz and 2-10 keV 
accretion-related luminosities of the three sources (Table [Hi, 
togethe r with those of the othe r z < 0.5 3CRR s ource s stud- 
ied by lEvans et al.1 (l2006h and IHardcastle et"an (l2006l) . Fig- 
ure |7] shows that the upper limit to the accretion-related com- 
ponents in the LERG DA 240, given our assumed absorbing 
column of lO^"^ cm^^^ jjes below the trendline established for 
high-excitation (narrow-line) radio galaxies such as 4C 73.08. 
Of course, if no obscuring region is present in DA 240, as 
seems to be the case in other LERGs, then the luminosity 
of any accretion-related emission will be substantially lower 
than that shown. Alternatively, the accretion-related X-ray 
luminosity of LERGs can be made to lie in the region occu- 
pied by the HERGs, bu t this requires extr emely high values 
of intrinsic absorption fEvans et al."2004) that can be ruled 
out by infrared observations (e.g, Miiller et al. 2004). The up- 
per limit to the accretion-related luminosity of 3C 305 lies be- 
tween the populations of low- and high-excitation sources in 
Figure |7] though as previously mentioned the XMM-Newton- 
measured unresolved core flux is overestimated by a factor 
~3 (see Section l4n i. 



6.4. Optical Emission Line Classifications and Relationships 
to the Central Engine 

In our previous studies of the X-ray properties o f 3CRR 
radio sources we have used the iLaing et aH (Il983h optical 
emission-line classifications of low- and high-excitation radio 
galaxies. iLaing et al. ( 1994) provided a quantitative definition 
of LERGs as having [OIII] equivalent widths of less than 3 A 



/Hq line ratios > 0.2 . A sim ilar classification was 
Jackson & RawUngsl (1 19971) . with LERGs having 



and [OIII 

given by 

[OIII] equivalent widths of less than 10 A and/or [OII]/[OIII] 
line ratios > 1. However, these definitions of low- and high- 
excitation sources do not necessarily take into account the 
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potentially different sources of ionizing radiation, their size 
scale, or their relationship to the AGN itself. This may lead 
to occasional ambiguities where sources are classified based 
on their emission-line characteristics. We discuss some of the 
issues here. 

HST observations of the nuclei of radio galaxies have 
revealed the origin of the optical continuum emission 
and its likely relationship to any unresolved emi ssion 
lines. In the case of LER Gs, IChiaberge etall ([T999I) and 
iHardcastle & Worrall ' ( 2000) showed that the correlations be- 
tween the radio and optical continuum luminosities support 
the common origin of the two in the form of a jet./Z^T narrow - 
band imaging of LERGs ( Capetti et al.ll2005l) showed that so- 
called Compact Emission Line Regions (CELRs) are com- 
monplace, and that they are associated with the dominant 
source of ionizi n g pho tons, assumed to be the jet. Further, 
IChiaberge et al.l (l2002h argued that the dominant contribu- 
tion to the optical emission in obscured high-excitation radio 
galaxies is the accretion disk. There is likely to be a substan- 
tial ionizing field in these sources that is directly related to the 
accretion process. 

On larger scales, high-resolution //^remission -line images 
of the extended environments in radio galaxies ( Privon et al.l 
120081) provide insights on the different components that con- 
stitute the kpc-scale narrow-line region (NLR) and ~10 kpc- 
scale extended narrow-line region (ENLR). In addition to 
photoionization from the nucleus, jet-environment interac- 
tions may play a significant role in governing the energy 
budget of the NLR and ENLR, either in the form of col- 
lisional ionization or a radiative 'autoionizing' shock (e.g., 
iDopita & Sutherland 1995, 1991). 

The different physical origins for optical line-emission in 
radio galaxies illustrate the difficulties in disentangling gen- 
uine AGN emission from that which is not directly related 
to the accretion process. An excellent case in point is the 
purported NLRG 3C 305, whose X-ray spectrum is consistent 
with that of a LERG, rather than a NLRG. HST [Oil] observa- 
tions of the extended emission-line environment in the source 
show that the majority of the [Oil] emission lies just beyond 
the edge of the radio jet at a distance of 1.5" from the core, 
and I Jackson et al . (1995) suggested that it has been shock- 
ex cited by the jet. S ever al other FRJ radi o sources studied 
bv lEvans et"aLl fco06h and IHardcastle et al.1 ^2006 ) also show 
optical spectra that may be attributed to their environments. 
Some of these lie at the centers of cooling-core clusters, in 
which significant amounts of optical line-emission might be 
expected that are not necessarily directly related to the cen- 
tral AGN. This may go some way to explaining the handful of 
other purported NLRGs in Figure |7] whose X-ray properties 
are more consistent with low-excitation sources. 

The above arguments suggest that the emission-line classifi- 
cation of relatively weak-lined radio galaxies does not always 
reflect the nuclear accretion activity itself. We propose that 
only the combination of high-resolution optical spectroscopy. 
X-ray observations, and constraints from Spitzer mid-infrared 
observations of reprocessed emission in radio galaxies can re- 
liably determine the structure of the central engine in radio- 
loud AGN. In the case of 3C 305, Spitzer observations would 
enable us to distinguish between (1) a genuinely narrow-line 
radio galaxy that is obscured by a Compton-thick absorber (in 
which case the < 10 keV X-ray continuum would show few, 
if any, signs of heavily absorbed emission), and (2) a low- 
excitation radio galaxy with a prominent extended emission- 
line environment. We will return to this point in subsequent 



publications (Birkinshaw et al., 2008, in prep.; Hardcastle et 
al. 2008, in prep.). 

7. CONCLUSIONS 

We have presented results from XMM-Newton observa- 
tions of the nuclei of the radio galaxies 3C 305, DA 240, and 
4C 73.08. We have shown the following: 

1. The X-ray spectrum of the narrow-line FRII radio 
galaxy 4C 73.08 can be modeled as the sum of a heav- 
ily absorbed power law associated with a luminous ac- 
cretion disk and circumnuclear obscuring structure, to- 
gether with an unabsorbed component of X-ray emis- 
sion that has a common origin with the radio emission 
at the base of an unresolved jet. This behavior is consis- 
tent w ith the other narrow -line FRII radio galax i es stud - 
ied bv lEvans et al] (|2006|) and IHardcastle et all (|2006[) . 

2. The nuclear X-ray spectrum of the FRII giant radio 
galaxy DA 240, optically classified as a low-excitation 
radio galaxy, can be modeled as a single, unabsorbed 
power law that is likely associated with emission from 
the parsec-scale jet. The upper limit to the X-ray lu- 
minosity of any additional, accretion-related emission 
suggests that the accretion process in DA 240 is sub- 
stantially sub-Eddington and likely radiatively ineffi- 
cient in nature. 

3. The X-ray emission in the nucleus of the narrow- 
line radio galaxy 3C 305 can be modeled as an unab- 
sorbed power law that originates at the base of the jet. 
However, it shows no evidence for heavily absorbed 
X-ray emis s ion w as found in the NLRGs studied by 
lEvans et alJ (l2006h . 

4. We have discovered an X-ray counterpart to the NE 
hotspot of the giant radio galaxy DA 240. We argue 
that the emission process is overwhelmingly likely to 
be synchrotron emission. Because of the high X-ray 
flux of the hotspot, it is a good candidate for followup 
high-resolution X-ray observations. 

5. We have discussed the different origins of optical emis- 
sion lines in the nuclear and circumnuclear gaseous en- 
vironments of radio galaxies. These include photoion- 
ization from the AGN accretion flow or parsec-scale jet, 
shock-excitation by the radio jet, or cooling gas in the 
centers of clusters. This may lead to occasional mis- 
classification of genuinely weak-lined sources such as 
3C 305 as high-excitation sources. 

6. We therefore argue that there is not necessarily always 
a one-to-one correspondence between optical emission- 
line class (low- vs. high-excitation) and accretion-flow 
state (inefficient flow vs. standard thin disk), especially 
when low angular-resolution optical spectroscopy is 
used. We suggest that only the combination of high- 
resolution optical. X-ray, and infrared observations can 
reliably uncover the nature of the central engine in 
radio-loud AGN. 
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